Background: Microfluidic platforms have demonstrated the ability to isolate rare circulating tumor cells from a wide variety of cancers. Our group has recently shown the ability to isolate circulating tumor cells (CTCs) from hepatocellular carcinoma (HCC) patients using a hematopoietic cell depletion microfluidic platform. However, the relationship of CTC generation and HCC progression is still not well understood. Tumor size is often used as a clinical prognostic factor, but there has been an inconsistent relationship of tumor size and metastatic recurrence. Characterizing the relationship of primary tumor size and CTCs would provide a better understanding of HCC tumor size and metastatic potential.
Results: CTCs in a cohort of HCC patients with quantitative tumor volume analysis was performed to determine if there was a relationship of tumor size to CTC generation. A total of 24 tumor volumetric analyses were used in this study, and a cutoff of 25 cc was used to create a low and high tumor volume group (median 5.56 vs 108 cc; p < 0.0001). Using an antigen agnostic microfluidic CTC isolation platform and immunofluorescent staining for cytokeratin and glypican-3, CTCs were detected in 18 of 22 (82%) HCC patients. CTCs/mL of blood did not correlate with either tumor volume or serum AFP. Interestingly, CTCs were found to be significantly higher in small compared to large volume tumors (median 18.5 vs 5 CTCs/mL; p = 0.0454).
Conclusion:
Altogether, HCC CTCs provide additional data about the tumor independent of standard imaging and blood biomarkers, and there may be biological differences in small volume tumors that facilitate CTC entry into the blood stream. This has implications for HCC CTCs as a biomarker for predicting recurrence and as an early detection platform.
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Background
Hepatocellular carcinoma (HCC) is the second leading cause of cancer mortality worldwide affecting approximately 750,000 patients annually (Stewart & Wild, 2014) . Risk factors are well established and include chronic viral hepatitis B and C (HBV and HCV), alcohol use, and non-alcoholic steatohepatitis (NASH). HCC is often diagnosed at a late stage with limited treatment options, and although screening studies have not demonstrated a clear mortality benefit, the majority of providers believe that early detection is essential to providing potentially curable therapy (Sherman et al., 2012) . The detection of serum AFP has historically been used for HCC surveillance and disease monitoring, but has been shown to be negative in up to 40% of HCC patients making it a suboptimal biomarker (Song et al., 2016) . This has led to the use of ultrasound (US) as a primary diagnostic tool for most screening programs with or without AFP testing. However, the sensitivity of US for HCC is as low as 21% for small tumors, and the accuracy of the test is user dependent (Yu et al., 2011a) . Given these limitations, the development of novel blood based biomarkers to complement AFP and US is greatly needed for the early diagnosis and monitoring of HCC.
Isolation of circulating tumor cells (CTCs) represent a "liquid biopsy" that can offer a resource to perform a variety of molecular analyses to better understand the biology of HCC as well as serve as a novel blood based diagnostic platform. CTCs have been enriched through a variety of technologies, with the majority utilizing positive CTC antigen capture or size based filtration methods (Yu et al., 2011b) . The broadly used Veridex platform utilizing EpCAM positive immunomagnetic enrichment demonstrated 35% and 41% capture rate in two independent HCC studies (Kelley et al., 2015; Sun et al., 2013) . This relatively low CTC detection rate is not unexpected given that HCC has the lowest expression level of EpCAM compared to all of the major epithelial cancers as represented in the Cancer Cell Line Encyclopedia (Barretina et al., 2012) (Additional file 1: Figure S1 ). Given these limitations of positive antigen capture strategies, we employed an antigen agnostic isolation device called the CTC-iChip (Ozkumur et al., 2013) (Fig. 1a) . This device uses a combination of hydrodynamic cell sorting to remove small blood products including red blood cells (RBCs), platelets, and plasma with inertial focusing and magnetophoresis of white blood cells (WBCs) to enrich for CTCs that do not have any positive antibody capture bias. We have already demonstrated the ability of the CTC-iChip to enrich for HCC CTCs using a digital drop PCR based RNA signature, which has provided the ability to make binary calls on the presence of CTCs in a blood sample (Kalinich et al., 2017) . However, the established immunofluorescent (IF) based enumeration of CTCs affords the ability to quantitate cell numbers, which provides additional insight into the relationship of CTC numbers to tumor progression. The common assumption is that CTC numbers correlate with tumor progression, and therefore, would increase with primary tumor growth. However, it is clear in HCC as well as other tumors that primary tumor size alone is not consistently predictive of metastatic dissemination. We sought to determine if there was a relationship between HCC CTC numbers and tumor size by volumetric imaging analysis, as it has implications for the sensitivity of CTCs to detect early HCC lesions.
Methods
Study enrollment
All clinical studies were approved by the Dana-Farber Harvard Cancer Center (DF/ HCC) Institutional Review Board (Protocol 05-300). Patients were consented and then enrolled prior to blood draws. Upon enrollment, study investigators collected medical data from the patient electronic medical record with patient permission. Disease-free control patients were similarly consented and enrolled. A maximum of 20 ml of blood was obtained from patients at any given blood draw in two 10-mL EDTA tubes, and approximately 8-10 ml of blood was processed per patient.
Purification of CTCs from whole blood using the CTC-iChip
Prior to running blood through the CTC-iChip, blood was analyzed by a cell blood count machine to determine total WBC count. Biotinylated primary antibodies against anti-human CD45 antibody (clone 2D1, R&D Systems, BAM1430) and anti-human CD66b antibody (Abd Serotec, 80H3) were spiked into whole blood (5-10 mL total volume) at 100 fg/WBC and 37.5 fg/WBC, respectively, and incubated rocking at room temperature for 20 min. Dynabeads MyOne Strepavidin T1 (Life Technologies, 65,602) magnetic beads were then added and incubated rocking at room temperature for an additional 20 min. The total blood volume (5-10 mL) was then run on the CTC-iChip as previously described (Ozkumur et al., 2013) . After whole-blood CTC-iChip processing, the product containing enriched cells were fixed with 2% paraformaldehyde for 10 min and then cytospun using a Shandon EZ Megafunnel (ThermoFisher A78710001) at 2000 rpm for 5 min. Megafunnel was allow to sit on benchtop for an additional 10 min. A hydrophobic barrier pen was used around the Megafunnel region on the slide and the slide was washed twice with PBS and stored at 4°C in PBS before staining. Slides were blocked for immunofluorescent (IF) staining using 5% donkey serum + 0.3% Triton-X in PBS for 1 h at RT. Primary antibodies (each at 1:50 dilution in PBS, 0.1% BSA, 0.3% Triton-X) targeting wide spectrum cytokeratin (WS CK antibody -Abcam ab9377), Glypican-3 (GPC3 antibody Abcam ab81263), and CD45 (Becton Dickenson 555,480) were then added and incubated for 1 h at RT. Secondary antibodies (each at 1:200 dilution in PBS, 0.1% BSA, 0.3% Triton-X) directed against each of the primary antibodies were then used for fluorescent labelling: 1) WS CKdonkey anti-rabbit Alexa-647 (Jackson ImmunoResearch 711-605-152); 2) GPC3 -donkey anti-sheep Cy3 (Jackson ImmunoResearch 713-165-003); 3) CD45 -donkey anti-mouse Alexa-488 (Jackson ImmunoResearch 715-545-150), which were incubated for 1 h at RT protected from light. Cell nuclei were counterstained with DAPI (5 μg/ mL in PBS, Life Technologies). Slides were mounted using ProLong Gold Antifade Reagent (Life Technologies). Fixed and stained cells were imaged by fluorescence microscopy (TiE or Eclipse 90i, Nikon) using the appropriate filter cubes for image acquisition and the BioView platform for automated image analysis. All candidate CTCs detected were reviewed and scored based on intact morphology, colocalization of CTC markers (WS CK Alexa-647 and/or GPC3 Cy3) with DAPI nuclear counterstain, and absence of leukocyte markers (CD45 Alexa-488).
Tumor volume calculations
For calculation of tumor volumes, a radiologist with subspecialty training in abdominal imaging analyzed the patient's imaging study (either computed tomography or magnetic resonance imaging) most proximal to the time of circulating tumor cell blood draw. Calculations were done using a standard clinical three-dimensional image analysis software package (iNtuition; TeraRecon, Foster City, CA). To use the software, axial slices ranging in thickness of 1.25 mm were transferred to a 3D workstation, and the radiologist manually identified and outlined the intrahepatic malignant lesions. Then the software package's segmentation analysis tools captured the lesions in three orthogonal planes to accurately reflect the size of lesion. Finally, the software calculated the tumor volumes of the regions of interest.
Statistical methods
Statistical analysis was performed using GraphPad PRISM 7. Statistical methods in Table 1 are described in the footnote. Correlation between tumor volumes, AFP levels, and CTC counts was assessed using the Spearman's rank order coefficient.
Results
To optimize the CTC-iChip for HCC CTC IF enumeration, we spiked whole blood from normal healthy donors with cells from the HCC cell line HepG2. HepG2 cells incubated with the CellTracker Red CMTPX (Molecular Probes) compound allowed identification of the HepG2 cells in the CTC-iChip. There was > 95% HepG2 cell capture rate by the chip confirming the capability of the chip to successfully capture HCC cells. We then optimized an immunofluorescent staining protocol on HepG2 spiked blood samples to identify HCC CTCs using antibodies against both cytokeratin (CK-WS) and glypican-3 (GP-3) combined with our standard anti-CD45 antibody to exclude contaminating leukocytes in the product (Fig. 1b) .
We then tested our assay in 10 healthy donors (HD) to establish a baseline for the assay demonstrating all samples with < 1 CTC/mL. Based on this, we chose a baseline cutoff of ≥ 2 CTCs/mL for positive detection and applied the assay on 22 patients with HCC diagnosed by histological confirmation by biopsy (n = 17) or established radiological criteria (n = 5) (Additional file 2: Table S1 ). We then performed volumetric analysis of each primary tumor to obtain a more accurate estimation of tumor burden and separated patients into low and high tumor volume cohorts using a cutoff of 25 cc (Fig.  1c) . The low compared to high volume tumors had a median volume of 5.56 cc versus 108 cc (Mann-Whitney p < 0.0001). Evaluation of other clinical parameters (Table 1: age, gender, ECOG status, cause of cirrhosis, total bilirubin, albumin, platelets, INR, creatinine, AFP) were not significantly different between the two groups with the Blood from each of these patients was analyzed for our liver CTC assay. Note, one patient had 3 separate draws for a total of 24 independent blood samples for analysis. Using these criteria, we detected CTCs from 18 of 22 (82%) HCC patients with 18 of 24 independent samples having a mean and median of 17.4 and 11.6 CTCs/mL, respectively. Surprisingly, we found higher CTCs in low vs high volume tumors ( Fig. 1d ; median 18.5 vs 5 CTCs/mL; Mann-Whitney p = 0.0454). We found no correlation of CTC counts with tumor volume (Fig. 1e ; Spearman r = − 0.3043; two tailed p = 0.15). Interestingly, low volume tumors tended to have a positive correlation with CTCs/mL (Spearman r = 0.49; two tailed p = 0.13), while high volume tumors had a slight negative relationship (Spearman r = − 0.10; two tailed p = 0.75). In patients with very high CTC counts, there were no clear differences in vascular involvement or other imaging features. Comparison of CTC counts with the established HCC marker AFP demonstrated no correlation (Spearman r = 0.037; p = 0.86). The one patient with serial CTC counts (HCC-016) had the 3rd largest tumor at presentation (256 cc), but interestingly, no detectable CTCs. The patient received proton therapy leading to a significant response in tumor volume (93.2 cc and 29.3 cc at 47 and 111 days from initial CTC collection), but CTC counts became detectable albeit low (2.5 and 0.5 CTCs/mL at 47 and 111 days). The patient had progressive disease 3 months later (202 days from initial CTC collection), and is still currently alive with disease. Another notable patient (HCC-031), had no detectable disease by imaging post-liver transplant for HCC, but had an elevated AFP of 64.9 ng/mL and high CTCs of 14.9 cells/mL. Indeed, this patient later was found to have recurrent HCC by standard imaging 440 days after this CTC analysis. These results indicate that HCC CTCs are providing orthogonal information from tumor volume and AFP levels. As a complementary analysis, 3 patients (HCC-003, 004, 005) had additional blood that was processed in our previously published CTC cluster chip (Sarioglu et al., 2015) . Interestingly, all patients had detectable CTC clusters (3-6.5 CTC clusters/mL) with mixtures of HCC CTCs and normal leukocytes, but all 3 of these patients had small volume tumors (Additional file 3: Figure S2 ). The detection of these cells in patients without visible disease by imaging and the higher levels of CTCs in small volume tumors suggest that there are biological differences in smaller HCC lesions that enhance entry into circulation.
Discussion
Our study reports approximately double the CTC detection rate compared to the Veridex EpCAM based strategy. Other work with positive capture against the asialoglycoprotein receptor has reported detection as high as 89% (Xu et al., 2011; Li et al., 2014) . However, these positive capture strategies often cannot utilize sophisticated methods for the study of CTCs including single cell RNA-sequencing and culturing, which we have demonstrated with the CTC-iChip for a variety of other epithelial cancers (Ting et al., 2014; Yu et al., 2014; Miyamoto et al., 2015; Jordan et al., 2016) . Interestingly, our study has revealed the possibility that HCC CTC generation occurs when primary tumors are still relatively small. This suggests that the biology of HCC entry into circulation occurs early in HCC tumorigenesis and that the balance of invasion versus proliferation is important to CTC detection. For example, a very large established HCC with low CTCs may have more proliferative activity, while a smaller HCC with high CTCs has a higher frequency of cells able to invade the circulatory system. This is analogous to microsatellite instability high colorectal tumors, which are often very large, but tend to have a better prognosis given their lower propensity to disseminate. However, entry into circulation likely does not correlate with metastatic potential alone as other attributes are needed to complete the metastatic cascade including survival in the hostile environment of the blood vasculature, extravasation into a distant organ, and the ability to grow in a new microenvironment. This has been shown in our single cell RNA-seq CTC studies where over half of CTCs did not have sufficient RNA for sequencing, and therefore, not viable for metastasis (Ting et al., 2014) . We also acknowledge that the use of glypican-3 and cytokeratin does have some limitations in specifically determining the malignant origin of the cells since both of these markers can be found expressed in normal hepatocytes. Therefore, the higher CTCs seen in smaller tumors may also represent a combination of tumor cells and normal epithelial cells reflecting differences in peri-tumoral inflammation leading to shedding of normal hepatocytes. Moreover, CTC clusters were seen in small tumors with patients having prolonged survival indicating that not all CTC clusters are metastatic and that the generation of CTC clusters may not be an active process in early carcinogenesis. These considerations indicate that additional CTC markers to address this heterogeneity will be needed to expand the specificity of the assay for HCC and metastatic potential. Nonetheless, the high detection rate (82%) of CTCs in our cohort of HCC patients provides for a highly sensitive marker of disease. A larger prospective clinical trial will be needed to address the prognostic and predictive utility of these assays, but we have provided the foundation for implementation of this CTC assay into the clinical realm.
Conclusion
This study has demonstrated that the relationship between CTC generation and tumor size are not correlated and that smaller HCC primary tumors may have higher access to the vasculature compared to large established tumors. These data provide new insight into the temporal development of CTCs in the metastatic cascade, which must be accounted for in computational modeling of tumor progression. This provides a basis for using CTCs as a means for the early detection of HCC and highlights the intrinsic heterogeneity of cancer cells in circulation. 
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